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U9smd*ofthaTNF [tumour necrosis factor) stmerfamflyhava pivotal rales In 
the organization and function or the Immune system, and are Implicated In the 
aetiology of several acquired and genetic disease TNF Uganda sham a 
common structural motit th&TNF homology domain (THDh which binds to 
cystnino-rich domains (CSDs) of TNFraceptara. CRDa am composed of 
structural modulus, whose variation In number end typo confers heterogeneity 
upon the fem% Protein folds re minbcsnt ofthoTHD and CRD are also found In 
other protein famines, raising tha possibility that tha modocf Interaction 
between IMF and TNFreeeptors might ba conserved In othar contexts. 

Metazoan organisms consist of an intricate and 
ordered society cf Individual cells that must 
communicate, to maintain and regulate their 
functions. This is achieved through a complex and 
highly regulated network of hormones, chemical 
mediators, chemakines and other cytokines, acting 
as llgands for intra- or extracellular receptors. 
Llgands and receptors of the tumour necrosis factor 
CTNf$ supexfainllles axe examples of signal 
transducers whose integrated actions Impinge 
principally on the development, homeostasis and 
adaptatrve responses of the Immune system. Despite 
their varied and pi do tropic actions, members of the 
TNF Ugand and receptor {TNFR) families have 
remarkably similar stroctures, and their mode of 
interaction Is conserved. The aim of this review is to 
provide an overview of the molecular architecture 
and the modular organiratl on of the TNF and TNFR 
gene superfernilles. 



ThaTNFfamity 

The TNF ligand family comprises 1 8 genes encoding 
19 type E (Le, intracellular N terminus and 
extracellular C terminus) transmembrane proteins, 
characterized by a conserved C- terminal domain 
coined the TNF homology domain' (THD) {Fig. 1). 
This trinteric domain is responsible for receptor 
binding and its sequence identity between family 
members Is ~2Q^0%> Although most llgands are 
synthesized as membrane-hound protams, soluble 
forms can be generated by limited proteolysis (Fig, I), 
Distinct proteases are involved in this process* 
depending on the Ugand: metalloproteases of the 
ADAM (a dbintegrin and metalltfprcteinase demam) 
family act on TNF and RANKL Iigands 11,2], 
matriiysin acts on Fas ligand (FasL) [3], and 
members of the subtilisin-Uke furin family act on 
BAFF, EDA, TWEAK and APRIUmcmbers of the 
TNF family [4.51. Solubilization is essential for the 
physiological fonctum of some llgands; mutation in 
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the furin recognition sequence of EDA is a frequent 
cause of the genetic disorder X-lrnked hypohidratic 
ectodermal dysplasia pCLHED) [4.GJ. By contrast; the 
shedding of some Iigands inhibits theirfunctinn.Far 
Instance, the cytotoxic activity of FasL is 
dramatically down regulated upon cleavage |71. 
The N terminus of lymphotoodn ct (LTa) resembles a 
signal peptide, making Its conversion to a soluble 
form extremely efficient. Consequently LTa Is 
never found at the cell surface except when it Is 
associated with membrarj e-boun d LTp as 
LTo^heterocomplexes [SI [Fig* 1). Processing of 
TNF^reiated apoptosis-indudng ligand [TRAIL) by a 
cysteine protease has bean proposed [9], put tha 
resulting soluble form seems to be too small to retain 
afancrJorifdTHD, 

Llgands of tha TNF family control and orchestrate 
the immune and IrulaTrunatory responses at several 
levels {recently reviewed in Re£ {1GQ. During 
development, TNF Iigands such as TNF, LTa, LTp 
and RANKL provide crucial signals for the 
morphogenesis of secondary lymphoid organs 110,11], 
In addition, the grooming and proper activation of 
imnrune precursor cells to fuHy competent electors is 
dependent an several other TNF family members 
such as BAFF and CD40L for B lymphocytes {12-14J; 
4-lBBL, OX40Land CBZ7L for Tiymr^iccytes 115]; 
and CD40L and RANKL for dendritic cells 116,17]. 
Pro-apoptotic members of the famiiy {e.g. TNF, FasL 
and TRAIL) contribute to the function of cytotoxic 
effector cells and participate in the homeostasis of the 
lymphoid compartment by evoking activation- 
induced cell death In Immune effector cells that have 
fulfilled their function {181. Recant evidence indicates 
that ether TNF family llgands regulate the 
development and differentiation of epithelial 
structures (the EDA ligand), endothelial cells 
[VEGI and TWEAK) andbona-resorblng osteoclasts 
CRANKLandTNF) [101. 

INF family llgands and receptors are associated 
with several disease conditions that result from 
acquired pro cssses or genetic defects. Acquired acute 
or chronic Inflammatory conditions such as septic 
shock cr rheumatnid arthritis result from excessive or 
inappropriate TNF expression [19], Mutations in TNF 
Iigands and/or receptors have been described in Ave 
hereditary diseases: hyp erl^ syndrome CHM 
CD4QL), type I autoimmune ryrrmhoproliferativa 
syndrome (ALPS, Fas/FesL), TNF-Ri -associated 
pericyte fever syndrome (TRAPS, TNF-R1), 
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Fig* t tntirwl&w between Uganda ■ndracEptExscf tfta human tumouf nscraaia ftetnrfTNFJ Hmrtyt 
Vtfllgtwta (tap) BndTNFmjp^n (bottom). Tna TNFngBndswB rBpm*tntBij utypa tl homier 
hauins^mwtetnfliwmemtiraria pratdm (wfih thn exwptlnn ofVEGJ, which * pmrtlflu) 
trsnunambiina flomeln tttd Estfittntfani drawn at b iniif Ut ftganiJ), TH Fhtrmotagy domains (TMD») 

cptn bUtfcaifMmttads by trttartypo of fWfltBSMi.'rha TNF.rocapiora araiypJaUytyfiaJ o-.typo tfl 
^ndta^bybcrtminalbanLffri 

far sntfi Cssnd wid w^fttsjto, end IhalntmpapyJar homoisgy damaJra, fcncwnu tha Mestii 
dwnains'f are indicated esred bnxu. RkJ airowt ibow dwunKn&tJ ittientctlflni An imentdtoi 
behran TWEAK andttlAMP has Htm reports laibulftaanwyBtlMBmflnTj^SQiTta of thfl 
IEg^ j end recepu» hrm sav^ corrii™^ 

RAmyapO/TRANK. BftHVBlyS/mU-l, F«rc&« T TRAIL.R1/Dtt4 1 TRAILED R5. TOAn.-Ri/D^I, 
TRAlL-FHfl>:«3. nWMWDRSandTRCY/TAJ. For the official TNF ajnnrfamlty (TKFSFJ rawwinciKW* 
and acwsjortal synm^mi, «snfett»rtip^www^ma.u^ujtfrt 



hypohSdnrtic ectodermal dysplasia (HED, 
EDA/EDA8} andfomlMexpar^Ietjstea}ysl5 (FEO, 
RANK) [10],Itislikdytiiatother3^bEiweaiTOF 
members and diseases will be uncovered in the future. 



Structural features ofTNF fcmflyJigands 
TheTHDls a 150 amino add longsequence 
containing a conserved framework of aromatic and 
hydrophobic residues (Pig. 2). To date, atomic-level 



structures are available for the THD of TNF 120,21], 
LTa \2Zl CD4QL [23] and TRAIL [24-27]. THDs 
share a virtually identical tertiary fold and associate 
to form trim eric proteins {F!g. 3a), The THDs 
are ^sandwich structures containing two stacked 
p-pieated sheets each formed by five anti-parallel 
$ strands that adopt a classical Jelly-rcir topology. 
The innarsheet {strands A, A', H. C and F) is 
involved In trimer contacts, and the outer sheet 
{strands B, B\ D, E and GJ Is exposed at the surface. 
TrimericTHDs are -60 A in height and resemble 
bell-shaped, truncated pyramids with variable loops 
protruding out of a compact core of conserved 
anti-parallel 0 strands (Figs 2,3a). TRAIL is unique 
with respect to the AA' loop, which contains a 
15 resldue-JonglnsertlQn that spans the whole outer 
surface cf the monomer [24,25,271. The trimer Is 
assembled such that one edge of each subunit 
(strandsB and F) is packed against the inner sheet 
of Its neighbour, forming large and mostly 
hydrophoblcinterraces r resultlngln a very stable 
interaction [20,26,27]. TNF and CD4DL contain a 
singladisuffidebridgelinkingtheCDandBFloops - 
[20,23) (Fig, 3a), Similar disulfide Units are 
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ng.z.Sequancs ^gnrna^arthahurnanEumcnirnesraibfactar CTfifJandCTq 
suptrfemQIeL Pdrna^ soqucnto alignments cf Uw TNf homology dnmfilrcHTHPs) 
□f 13 TMFtl sands gndvdhgthd dlstanpy mlaud mc7n£iarOX4CL}cnd of II published 
Cn articled proialns.Tha itlpmifltthM bamfttJutod to regtora of significant 
isqumcs hamoi Bgy, tntcvwUng loops Hav* t**n omtood ucitpt far tft& conserved 
UVxW maUf to iho AA'twpefiht TNF ngjrnds, tun ttitlr tengilt Is Indicated Tha 
IrtiilYjdtJitpstrands (M-Q ■TBfilahPjjhlerfwnhlKntea c^PUiiKJwIlhrMtjJMttoltiilr 
sutrastfen In tfcs prt rrawy finjcaira from red ta magflnla.K]u&d[rtnrtMivttJio 



ihfllr mj mbcra mpwem ttn frequsitty et whltft bach pos rtf«ifc found tatattrsalri 
Ihs flvo tmreiU™ PvallabJ* (eg, TNF. LTa. COIGL« TJtAJL end mACRP30). Rm( itjWHM 
rspffijsnirwWWM involved In rcsspw tlrriteg tn lha tm> cnmp|nx5inciijnti 
bw*11#Wo {LT^TNW^ andTHAIVORS), AfrewhssttitffRiernealh ths wquweos 
pofntlDtha four conserved rasktuaa in tha TNF And Clq families. The multiple: 
icit^janco ellgnmcm wes gentmrtcd wltti tha a rnlrro KJds«|ueiiHi ufTKDcmdsCTq 
domains using Dusts JW, and ws» adftod manwtfly t4i count fesr itrucmroj 
krawtedgtt. Itfsmlal wrdiio adds [whlio tan on blsdt background) and S3% similar 
ttt&m acids ton arty iwdiground) wont ihnctd using Baphntfa. 
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FTg. 3* Uia tumour necrosis farter (TNH htnruiEogy domain fTHDJ . 
[a) tltlxtj on dttgnima of tha THO othumam TKF seen from tha sldajiop) 
Brtdtop (iionoiTi) mdww tlon, 0 tw (tw i it! if ms 1 t* W ted tntJ ifco 
cOumtwoiireshsdiiilTrw □m«nU*pBren&! p auxnda {dsJgnam d A\ 

C D.E, F, G md H according xa RdV !2D3> art rtlaurcd using ttw 
t»ma twin ulo Fig, 2. lrit«vtmiwfUMpjm*Bta>^ 
cfltnwdan of IhsTHD icUitJvntiitfia mmntewtfl U IfKUatad N(K»tJ» 
d«s proximity of N and Ctarmlnt Madilirrah&aad antha PtlSaLcmtc 
eocrdlrata On 17NF Ob) Structure of U» gClq domain of rnurtn* 
ACRPJQ *wn from th»»Jda(inp} *nd tnppjoiiomj orfanwiJan shswte g 
lU ilmHsrity ta Iht THD, Modali tm band on the PO& atatnls 
ca ertlmtt rctolCltl fa !].{<$ RepnutmtaTlot of cm pamsmtirts 'jalty-roP' 
dwwInofthsVpl eap^dpnitaM{towd^tharBprisairtHUDnortf^ 
vtnBLparUdalnthaoaxtnrJsf Uid Mahsney slnln ufrypa 1 Tnmun 
pcrflaviruasaenframltia i!dfl (ttpj irnJtop {bcUcmJdqitritalJcru 
StrtndiararalourmJ and numbered ttlfl {a)andfb).Tha IfifffltoglcaJ 

adaption of Uwtwa InttmiptJnns In strands A and B. M«Jtb ern bread 
on Uib POB atomic coanflnaia Ala ZPtV pp). 

predicted to occur in FasL, LIGHT* VEGL C03OL 
and CD27L, whereas TWEAK, EDA, APRIL and 
BAFFhave a predicted disulfide bridge between 
P strands E and R its TRAIL, a single cysteine 
residue (Cys230) in the EF bap is involved in the 
coordination of a Zn£H) ion, with each monomer 
contributing to one coordination position; the fourth 
cctirdinatl&ri position is occupied by an Internal 
solvent molecule or a chloride counter-ion [24-25], 
This metaMrtndtog site Is unique so far in the TNF 
family, and affects the stability and hteactiviry of 
TRAIL [26,28,29] , Incomplete Zn coordinate and 
formation of partially oxidized, dlsulfi delinked 
species ofTRAIL, have recently been suggested to 
account for its hepatotoxidty |3DJ. 



TNF*BJated structures* the Clq femlly 
C rystallagrapblc studi es. revealed that TNF and the 
globular gClq domain of mouse ACRF30 have a 
closely related tertiary structure and trtmeric 
organization, suggestive of an evolutionary link 
between thelKPandClqramilies I31i {Fig, 3a,a). 
The human Clq gene family comprises, so far, 
13 members {Fig. 2}, which are characterized by the 
presence of a trimeric globular Otenrinal domain, 
known as gC Iq. The prototypicalmember of the 
family Is Clq* abouquet-like molecule comprising 
18 chains (six each of ClqA, ClqB andClqQ that 
associate Into sixhsterotriniEiic gClq domains held 
together by a bundle of collagen domains, Clq 
recognizes Immune complexes and triggers the 
classical complement pathway (recently reviewed in 
Re£ [325. The Clq family also contains several 
collagenous members (CRF,ACJ£P30, COKS26, 
EMEJfrM and -2, and collagens VTIand X} and two 
non^ollagencus members (Precerebelltn and 
Muitbnerui) {Fig. 2). Many of these proteins are 
components of the extraeellulsrmatrix in diverse 
organs [32|.ACRP3Q is an abundant serum protein 
that is synthesized by adipose tissues in response to 
insulin, and is downregulated in obese mouse and 
humans [33.341, The homologuas of ACRP30 are 
drastically downregulated in the serum of 
hibernating Siberian chipmunks, pointing to a role in 
energy metabolism. Indeed, ACRF30 induces weight 
loss In mice via activation of fatty add catabolism [35], 
Conserved residues nfgClq domains are located 
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within the core P strands, as previously discussed for 
THD domains. Although the sequence Identity 
between the two families is reduced to only four 
amino add residues (Indicated with arrowheads In 
Fig. 2), the overall hydrophobic character of the 
internal ^pleated sheet Is maintained in both 
families. 

To date, there is no evidence that the mode of 
interaction described in the TNF family also applies 
to proteins containing globular Clq domains. Several 
Clq receptors have been described, but none of them, 
with the notable exception of the immune complex, 
binds to the globular domain. Nevertheless, the 
recent demonstration that the gClq domain of 
ACRP30 Is biologically active Implies the existence of 
ACRP30 receptor^), which could be structurally 
related to TNF receptors. 

TNF-raiatad structures* vTralcapsid proteins 
As first noticed by Jonas and Hckin 1989. the overall 
fold and top ology of the TKD is very similar to that 
of the capsid proteins of small spherical plant 
viruses (e.g. Tomato Bushy Stunt Virus and Satellite 
Tobacco Necrosis Virus) andmammalian 
picomaviruses (Including the caramon hum an 
Rhlnoviruses, the Foot-and-Mouth Disease Virus 
and Paliovtrus), despite there being no detectable 
similarity at the primary sequence level [20,21 j. 
Although these capsid proteins associate along a 
fivefold instead of a threefold aids of symmetry, the 
connectivity of their p strands Is identical tat that of 
the THD, with the exception that strandsA and 
Bare not interrupted by loops [3&1(F1& 34 These 
fivefold structures appear on the virus, surface as 
12 broad, star-like protuberances (Fig, 3c), Although 
the structural relationship existing between 
these apparently unrelated protein families 
highlights the propensity of 'JeHy-rolT motifs te 
nUgomerize, there appears to be no functional 
conservation between INF family members and 
icosahedral viral capsid proteins. Indeed, the 
receptors allowing entry of this class of viruses into 
cells do not belong to the TNF receptor family and do 
not bind directly to the oligomeric Jelly-roll* 
structure [37], 

The TNF receptor family 

In humans, 29 TNF receptors have so far been 
Identified (Fig, I). These are primarily type I 
{extracellular N terminus, intracellular C terminus) 
transmembrane proteins, but there are exceptions 
to this rule: BCMA^TACItBAFFRand XEDARare 
type IE transmembrane proteins (lacking a signal 
peptide), TRAIL-R3 is anchored by a covalently 
linked ^terminal glycollpii and OPG andDcR3 lack 
a membrane-Interacting domain and are therefore 
secreted as soluble proteins. Soluble receptors can 
also be generated by proteolytic processing [CD 27, 
CD3Q, CD4Q, TNF-R1 and TNF-R2] I3S), or by 
alternativesplidng oftheexon encoding the 



transmembrane domain (Fas and 4- IBB) (39]. The 
essential rale of these soluble receptors in modulating 
the activity of their cognate Iigands has been well- 
documented (for OPG and TNF-R1 examples, see 
Kefs [40,4 ID. In addition, several viral open reading 
frames encode receptor homdogues that interact 
with TNF and that are believed to Interfere with the 
onset ciinflarnmatory responses: SVF-T2 in Shape- 
fibroma virus r Va53R in Vaccinia, and cytokine 
response modifiers CrmS, CnnC and CrmD in 
orthopoxviruses (reviewed In Ref. (39D * The TNF 
receptor family memberNGFR is unique in that It 
binds low-afflnlty Uganda that do not belong to the 
TNF family. These iigands (NGF, BDNF and 
n euro troph Ins) also engage a family of high-affinity 
tyrosine receptor kinases (trkA* B and Q, which are 
unrelated to TNF receptors [423. The existence of a 
bona ifctelNF llgand for NGFR cannot be excluded at 
present 

Structural iaatures of thaTNF.reeeptor family 
The extracellular, domains of TNF recap tars, are 
characterized by thepresence of cysteine- rich 
domains (CRDs), which am pseudo-repeats typically 
containing six cysteine residues engaged in the 
formation of three disulfide bonds. The number of 
CRDs in a given receptor varies from one to four, 
except in the case of CD3Q where the three CRDs 
have been partially duplicated in the human but not 
in the mouse sequence. The repeated and regular 
arrangement of CRDs confers an elongated shape 
upon the re captors, which is stabilised by a slightly 
twisted ladder of disulfide bridges (Figs 1,4), 
Sequence alignment of TOF receptor family 
members in the absence of structural information Is 
difficult because the spacing of cysteine residues is 
not always. conserved between receptors. Nalsmith 
and Sprang have introduced a classification based 
on distinct structural modules that greatly 
facilitates sequence comparison between TNF 
receptors [43J. Each module type is designated by a 
letter (A,B, C and N for. crystallised modules, and X 
for modules of unknown structure}, and by a 
numeral indicating the number of disulfide bridges 
it contains, A typical CRD is usually composed of an 
A3-B2 or A2~Blmodule or, less frequently, a 
different pair of modules. AI modules are 12-27 
amino adds long, consist of three short $ strands 
linked by turns, and contain a single disulfide 
bridge connecting strands 1 and 3, yielding a 
characteristic C- shaped structure (Fig, 4), A2 
modules contain asecond disulfide bridge linking 
the second and third strands without affecting the 
overall structure. B modules are 21-24 amino adds 
long and comprise three anti-parallel strands 
adopting an S-shaped fold reminiscentcf apaper 
clip (Fig. 4), In this case, the fold is constrained by 
two entangled disulfide bridges linking strands 1 
and 3 in B2 modules. The first disulfide bridge Is 
replaced by a hydrogen band in Bl modules [43], 
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m KdcSthmtt fcopblftM«*iJfc««Hi CREa {51. BiuvmlnwWtt], 
Mam* in bond on (ft* PUB itnmle coottOnttBfDolTNfi 
(TNf iteflptorM ttftij IKLfl p fl mining 148]. 

Th& structure of A and B modules. Is also reflected at 
the level of the primary sequence by the 
conservation of a few ncn-cysteine residues. Other 
modules are less frequent. So for, the ^terminal Nl 
modules, have been found only In the TRAIL 
receptors, In which they precede the flrstA!-B2 
CRD. Structurally, the Nl module resembles the 
second half of a B module |24,25>S7]. The fourth 
CRDofTNF^Ri contains an Al ^2 module pair,, in 
which the cysteine connectivity of C2 Is distinct 
from that of a BE module. TACI. BCMA and Fnl4 
abo contain putative A3-C2 CRD 3, gut these 
remain to be demonstrated at thestruetural level 
Finally, we have collectively designated, as X2, four 
unrelated modules of ur&nown structure that at* 
fcundln TRAMP, GHKBAFFH and viral CrroC. 
The recently described BAFF receptor (BAFFR) [44] 
contains astagleX2 module whose sequence 
resembles an Anwdule entangled with the 
beginning of a B module. More structural work Is 
needed to understand the molecular Interaction of 
this receptor with BAFE TNF receptors are often 
viewed as monomers* principally because they 



appear in this form in crystal structures of 
ilgand-reeeptor complexes* However. TNF-RI has 
aba been crystallized as bath head-to-head and 
head-ta-tail dtmers [45], end there Is genstic and 
experimental evidence that Fas r TNF-RI and 
CD4Q exist as preformed oligomers within the 
plasma membrane 146]. Se&assoctatlon of the 
receptors depends on an- terminal pre-Jigand 
association domain (PLAD) that includes the first 
CRD and that Is not directly Involved in Ugand 
binding. 

TNFR-rstatsdstiutXurei* tfta EGF-Uks domain 
Al and B2 modules are not restricted to the INF 
receptor family but also farm the structural basis of 
epidermal growth factor (EGF)-like domains present 
In several proteins such as lainlniris. Laminlns are 
composed of three related chains (0; jl and 7. of which 
there are different tsaforms) associated hya 
^terminal coiledHsiil domain- These chains display 
several globular domains in their N-termlnal moieties 
with intervening, elongated structures composed of 
ECF-like repeats [47]. As shown InFlg. 4, the overall 
structure of EGF-Hke and CRD repeats Is strikingly 
similar, except that AI-B2 modules in lamlnln are 
separated by Bn additional module, which we have 
designatedS] because ofltssmall size [4BJ,EGF-Uks 
repeats 3-5 of the yl chain ttflammln bind Nidogen-1, 
a protam that Interconnects lamlnln molecules in the 
basement membrane, but whose sequence Is 
unrelated to TNF or CI q family members. So far, 
there Is no evidence that EGF-like repeats bind 
TNF* or Clq-!ike Ugands. 



